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ANALYSIS TOOLS AND TECHNIQUES PROGRAM
The continuing shrinking of device dimensions and the rapid inclusion of new materials into 

device fabrication demands the development of new analytical tools and techniques.  The 

need for new analytical techniques and tools has increased as the components in the transis-

tors approach the low nanometer level and the number of transistors per chip approaches 

1 billion.  The development of tools capable of characterizing the structures produced in the 

laboratories as well as those needed to confi rm the manufacturing process require signifi cant 

improvements; although those used for production also require signifi cant speeds not to slow 

down the commercial manufacturing.  This latter condition may require some sacrifi ces in the 

resolution and accuracy of those tools.  In addition, more signifi cant modeling that allows us 

to bridge those areas where measurements can be done to those where knowledge is needed 

from, but measurements cannot be done are critical. 
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THIN-FILM X-RAY METROLOGY FOR 
MICROELECTRONICS

GOALS

This multi-year collaborative effort between 

SEMATECH and NIST will provide the semi-

conductor community with the methodology for 

accurate thin fi lm characterization using X-Ray 

Refl ectometry (XRR).

CUSTOMER NEEDS

In recent years, the semiconductor industry has 

driven scientifi c advancement towards process-

ing nanometer-scale material coatings with 

unprecedented uniformity in thickness, com-

position control, and unique electrical and me-

chanical properties.  Nanotechnology represents 

the fastest growth area of industry in the United 

States today. Simultaneous to this rapid advance 

in thin fi lm processing technologies, the X-ray 

diffraction user community and instrument man-

ufacturers have collaboratively developed tech-

niques such as High-Resolution X-Ray Diffrac-

tion (HRXRD) and X-Ray Refl ectometry (XRR) 

that permit the quantitative profi ling of thin fi lm 

characteristics, such as thickness, density pro-

fi le, composition, roughness, and strain fi elds.  

With the XRR method in particular, parameter 

modeling by conventional methods can be an 

intractable problem, involving deconvolution of 

instrument response, data model theory, model 

selection, and model refi nement/fi tting, which 

has prevented the realization of the technique’s 

potential in the characterization of nano-dimen-

sional thin fi lm structures.  This program ad-

dresses the mounting industry call for accuracy 

in thin fi lm characterization (in particular; thick-

ness, density, and roughness determination).  

TECHNICAL STRATEGY

This fundamental XRR study involves two paral-

lel characterization projects being performed on 

identical, temporally stable, multilayer artifacts 

supplied by SEMATECH.  The NIST project 

consists of in-house XRR and HRXRD character-

ization with Système International (SI) traceable 

measurement instrumentation and SI traceable, 

fi rst principles data modeling including Bayesian 

analysis providing refi nement of instrumental 

and model parameters as well as structural model 

selection.  In parallel to this NIST measurement 

effort, SEMATECH will measure or have mea-

surements performed using commercial “in-line” 

XRR instrumentation and NIST will analyze 

these data using commercial software to address 

limitations to commercial instrumentation and 

software modeling. Combining results from both 

studies will ultimately allow accuracy traceability 

and error estimation for commercial instrumenta-

tion.  This work will also address theoretical XRR 

modeling limitations and compare software model 

refi nement and model selection approaches.  The 

multi-year collaboration will provide the com-

munity with total error budget estimations for a 

given XRR structural analysis approach and in-

strumentation. This work will take approximately 

three years to address the issues discussed [FY’s 

05, 06, and 07]. The progress in FY05 includes a 

comprehensive, fi rst principles development of the 

XRR theory necessary for traceable modeling of 

data and a fi rst round of measurements on artifacts 

by commercial and NIST instrumentation.

NIST XRR Study – The NIST project consists 

of two parallel research components:  1) the 

development of SI traceable measurement instru-

mentation, 2) the creation of an SI traceable, fi rst 

principles data analysis approach (see Fig. 1).

Figure 1.  NIST XRR strategy.  Measurements and 
modeling of temporally stable test structures will 
be performed on the NIST Ceramcis Divisiton 
Parallel Beam Diffractometer – an SI traceable 
instrumentation constructed for certifi cation of XRD, 
HRXRD, and XRR Standard Reference Materials.
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NIST has made previous efforts in developing 

in-house instrumentation capable of SI traceabil-

ity for conventional XRD, HRXRD, and XRR 

techniques.  Over the past seven years, NIST has 

constructed the Ceramics Division Parallel Beam 

Diffractometer (CDPBD) for SI traceable mea-

surements of Powder XRD, Epitaxial HRXRD, 

and thin-fi lm XRR artifacts for the Standard 

Reference Materials (SRM) program (Fig. 2).  

SI traceability in lattice parameter (XRD) or fi lm 

thickness (XRR), d, requires simultaneous trace-

ability in X-ray wavelength, λ, and diffraction 

angle, θ, following Bragg’s law of diffraction: 

2d = nλ / sin (θ).

Figure 2.  Ceramics Division Parallel Beam 
Diffractometer (CDPBD).  Showing the divergent 
X-ray source (center left), monochromator for 
generating parrallel/monochromatic X-rays (upper 
center), rotation stages for measuring diffraction 
angles (lower right) and  receiving optics/detector 
(center right).  In order to achieve accuracy in 
angle measurements and X-ray wavelength stability, 
numerous design features of varying complexity are 
present ranging from a “fl oating” platform holding 
the X-ray source to a hanging second rotation stage 
designed specifi cally to rotate the cables for the 
diffraction rotation stages.

The present NIST instrument development proj-

ect involves addressing SI traceability aspects 

for both the diffraction angle and wavelength 

measurement in the CDPBD.  Establishing SI 

traceability of the diffraction angle requires im-

plementing optical encoding on the two rotation 

stages used to move the sample and detector. The 

optical encoder errors are then “mapped” using an 

external angle reference to generate SI traceabili-

ty error bounds for each axis.  The rotation stages 

presently have accuracy bounds of ± 2.0 µrads 

(± 0.4 arc seconds).  Calibration experiments and 

collaboration with encoder manufacturers is cur-

rently underway to achieve an approximate one 

order of magnitude improvement in accuracy by 

next year [FY06 deliverable].  Determining SI 

traceability in wavelength involves constructing 

a stable, well modeled optics assembly to con-

vert angular and energy divergent radiation from 

an X-ray source into parallel, monochromatic ra-

diation for use in diffraction.  The CDPBD uses a 

monochromator with Si (220), 2/4-bounce chan-

nel-cut crystals to fi lter the direct source into a 

source of highly parallel, single energy X-rays.  

SI traceability in X-ray wavelength from our 

source will be performed using an SI traceable 

reference crystal (with measured relative uncer-

tainty of 3 in 10-8).  The X-ray wavelength for our 

instrumentation will have a relative uncertainty 

of ≈1 in 10-7 [FY06 deliverable].  The accuracy 

error bounds and instrument parameters from 

the wavelength and angle determination stud-

ies will provide an overall instrument response 

function which will be incorporated into NIST 

XRR profi le modeling.  The same instrumental 

parameters will establish guidelines for response 

profi le modeling of commercial instrumentation 

[FY07 deliverable].

NIST is currently developing fi rst principles, 

SI traceable XRR software to analyze data and 

refi ne model and instrument response parameters.  

XRR analysis is essentially an “inverse problem” 

wherein we select input parameters for a 

“guessed” structural model.  This model is then 

used to simulate data that is compared with 

measured data and “Goodness of Fit” parameters 

are determined. This process is repeated until 

a “best fi t” or best “Goodness of Fit” is found 

and the “best fi t” model parameters become the 

“refi ned” model parameters used to describe 

the real structure.  Three major questions limit 

the effectiveness of this current XRR modeling 

approach:  1) How do we accurately simulate 

the data using a structural model?  2) How do 

we know which structural model describes the 
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measured structure? 3) How do we accurately 

compare simulated and measured data?  The 

NIST software development effort will attempt 

to answer each of these questions. 

To address the model data simulation issue, 

we are currently developing XRR theory from 

Maxwell’s equations and explaining all approxi-

mations and constraints required for the XRR 

modeling method.  This approach will combine 

XRD, HRXRD and XRR in the same fundamental 

modeling theory and allow for SI traceability in 

derived refi ned parameters [FY05 deliverable]. 

To address the question of model accuracy, we 

are implementing a Bayesian/Maximum Entropy 

analysis approach to determine the probability 

that a given structural model correctly describes 

a given data set.  This model selection component 

is essential to determining the validity of initial 

structural assumptions in any XRR analysis [FY06 

deliverable].  Addressing the third question is of 

considerable interest with current commercial 

refi nement approaches which often use dissimilar 

“chi squared” or model/simulation minimization 

criterion for overall refi nement “fi gures of merit” 

such that comparison between refi nement soft-

ware packages is impossible.  NIST will perform a 

rigorous analysis of current refi nement approaches 

(such as genetic algorithms which are popular in 

commercial software for their speed advantage, 

Markov Chains Monte Carlo, simulated anneal-

ing, etc.) and of applicable minimization criterion 

to develop a consistent refi nement approach for 

NIST modeling [FY07 deliverable].

NIST/SEMATECH XRR Study – The NIST/

SEMATECH project consists of measurements 

and analysis from commercial instrumentation 

to allow comparison and calibration transfer from 

NIST SI traceable measurements and analysis 

(Fig. 3).

The NIST/SEMATECH project combines mea-

surements with commercial “in line” XRR in-

strumentation with complimentary compositional 

analysis results as feedback for comparison with 

NIST measurements performed in parallel on the 

same artifacts.  The measurement and modeling 

work at NIST will provide SI traceable XRR 

measurements and parameter analysis for artifacts 

and potential candidate SRMs.  The collaboration 

work with SEMATECH allows interface and 

calibration transfer between NIST SI traceable 

measurements and “in-line” instrumentation.   

NIST will then use results from NIST SI trace-

able measurements, SEMATECH commercial 

Figure 3.  NIST – SEMATECH XRR strategy.  
Measurements of temporally stable test structures at 
SEMATECH will be performed on “fabrication-line-
based” instrumentation and then analyzed at NIST 
using commercial software.  These results will then 
be compared with NIST traceable results to provide 
calibration of commercial instrumentation.

measurements and modeling, and NIST SI trace-

able XRR modeling, to quantify error bounds and 

overall error budgets on the accuracy and preci-

sion possible from commercial instrumentation 

and commercial modeling software.

Calibration and accuracy determination of com-

mercial instrumentation are the primary goals of 

this collaboration.  To achieve these goals, we 

need to develop accurate instrument response 

functions for commercial instrumentation being 

calibrated.  The instrument response function for 

commercial instrumentation may be the dominant 

term in the overall accuracy budget for XRR mea-

surements.  To address instrumentation effects on 

accuracy, work must be performed with different 

commercial XRR system geometries to discover 

the mechanical alignment parameters that domi-

nate the error budgets of each system.  This will 

require cooperation from instrument vendors to 

provide the necessary information or provide de-

tailed instrument response functions directly.  The 

incorporation of instrument response parameters 

into NIST modeling will allow for comparison 

between traceable measurements at NIST and 

measurements on commercial instrumentation in 

the fi eld.  The NIST instrument response function 

information will be developed through our instru-

ment traceability study discussed earlier.  We can 

then combine specifi c instrument “corrections” 
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to the accuracy error budget and use a calibra-

tion artifact such as a temporally stable thin fi lm 

structure measured on the commercial instruments 

and at NIST to provide instrument calibration and 

stability monitoring [FY07+ deliverable].

Project Deliverables – The fi nal project results 

available to SEMATECH will include XRR error 

budget estimations based on NIST XRR software 

and the calibration artifacts necessary for optimiz-

ing the performance of commercial “in-line” and 

laboratory XRR instruments. Accuracy and preci-

sion estimations provided by NIST software will 

determine the limitations of XRR applicability for 

arbitrary multilayer systems on commercial XRR 

instrumentation. Calibration artifacts measured 

on NIST SI traceable instrumentation will allow 

routine system monitoring, alignment calibration, 

and instrument response function comparisons 

to ensure commercial instrument precision and 

stability.  These deliverables will dramatically im-

prove the precision and accuracy of conventional 

XRR characterization of multilayer structures 

which exhibit well-established composition and 

uniformity [FY07+ deliverables].

Our deliverables schedule for the calendar year 

6/2005-6/2006 time frame follows:

DELIVERABLES: First Principles roughness analysis.  

1Q 2006

DELIVERABLES:  Approximate Bayesian model 

selection method.  2Q 2006

DELIVERABLES:  NIST analysis of SEMATECH 

measurements.  2Q 2006

DELIVERABLES: Report comparison of measure-

ment results from ISMT and NIST instruments on 

same artifacts.  2Q 2006

ACCOMPLISHMENTS

The CDPBD has recently been moved to our 

new equipment space in the Advanced Measure-

ments Laboratory (AML at NIST) which is cur-

rently providing instrument temperature stabil-

ity of ± 0.02 °C.  Preliminary calibration of the 

angle encoders requires enhancements to current 

control electronics [4Q 05] to achieve target ac-

curacy [by FY06].  First principles XRR theory 

development with emphasis on justifying ap-

proximations present in commercial XRR soft-

ware will be completed this year [2Q 05].  Pre-

liminary measurements of SEMATECH artifacts 

measured by both conventional and NIST trace-

able XRR systems will be completed this year 

[2Q 05].  

FY05 Technical transfer:  minimum thickness de-
termination – Preliminary studies into theoreti-

cal limitations of XRR modeling have been com-

pleted this spring [2Q FY05] and have provided 

an approach to establishing the lower thickness 

limit for which the XRR technique provides use-

ful results.  First, data are simulated for a struc-

ture similar to the material that is being mea-

sured.  Second, this simulated data are refi ned 

using commercial software. Third, the deviation 

between simulation input and model output in-

dicates where XRR refi nement of real data will 

fail.  This approach can include actual measure-

ment “noise” and real data collection ranges, so 

that the limits of different instrumentation effects 

and measurement times can also be analyzed.  

Figure 4 shows a study result for simulated HfO
2
 

on Si showing the regime where modeling fails 

to refi ne simulation thickness.  Deviation pro-

vides the “minimum thickness” for which the 

XRR technique can be used for analysis in this 

structure. For the measured scan range, modeling 

fails for thickness < 0.8 nm.

Figure 4.  NIST Empirical determination of 
“minimum thickness.”  Simulated data which closely 
mimics a structure to be measured is modeled using 
commercial XRR refi nement software.  The thickness 
where modeling fails to determine the simulation 
thickness provides the “minimum thickness” where 
XRR analysis will provide accurate results on 
measured data.  This analysis must be performed 
for each structure to be measured, and for the data 
range/noise levels present in the measured XRR data.
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ELECTRON MICROSCOPE TOMOGRAPHY 
OF ELECTRONIC MATERIALS 
GOALS 
Enable the use of three-dimensional imaging for 

thick samples using commercial scanning trans-

mission electron microscopes (STEM).  Typical 

samples include porous low-κ dielectrics, two-

layer interconnect samples, and photonic band 

gap materials.

CUSTOMER NEEDS 
The NTRS/ITRS has recognized the need for 

three-dimensional imaging of interconnects for 

several years.  In this study, our principle objec-

tive is to determine the morphology of pores in 

low-κ dielectric material.  Two aspects of the 

pore distribution are critical:  (a) the largest pores 

may lead to failure of the dielectric (e.g., short 

circuits), and (b) the connectivity of the pores is 

important to understand the transport of chemi-

cals during the fabrication of the interconnect. 

The potential solutions and major challenges for 
interconnect are discussed in the 2004 Interna-
tional Technology Roadmap for Semiconductors 
Update on pages 2 and 17 of the Interconnect 
Section. Minimization of size effects, 3-D char-
acterization of low-κ void intersection with side-
walls, pore size distribution  and barrier rough-
ness are some of the important issues in porous 
low-κ measurements. 

TECHNICAL STRATEGY

1. First, we will upgrade an existing commer-

cial transmission electron microscope to be able 

to obtain high angle STEM images with a full 

quantitative understanding of the input and output 

signals.  Noise reduction is also a key issue.

DELIVERABLES:  Hardware fabrication for extraction 

of bright fi eld and dark fi eld STEM detector amplifi er 

chain gain and offset. 2Q 2005

2. In parallel, we will develop theoretical and 

computational expertise for the understanding of 

STEM signals associated with multiple scatter-

ing of electrons.

DELIVERABLES:  3-D Monte Carlo simulation code 

in Java and Jython for prediction of energy-dispersive 

X-ray signals with full 3-D geometrical complexity 

including electron transport and X-ray absorption ef-

fects. 1Q 2005

Technical Contacts:
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3. We will obtain a tilt series and perform a to-

mographic — analysis of a photonic band gap 

system  an artifi cially periodic polymer struc-

ture.

4. We will perform a similar analysis on a 

low-κ dielectric material.

DELIVERABLES:  Code for 3-D Reconstruction with 

Bayesian Statistics for the Projective Multiple Scatter-

ing Regime. 2Q 2005.

Levine (2003) demonstrated by computer simu-

lation that it was possible to reconstruct poly-

mer samples with a thickness well in excess of 

1 micrometer if multiple scattering effects were 

accounted for.  In this project, we will general-

ize the Bayesian tomographic reconstruction 

algorithm known as the Generalized Gaussian 

Markov Random Field, introduced by Bouman 

and Sauer in 1993, to generalize the transmission 

function from Beer’s law to a general function of 

the integral of a material parameter, i.e., to per-

mit the inclusion of multiple scattering effects.  

Also, the program will run in 3-D, rather than 

2-D in the Bouman-Sauer implementation. 

DELIVERABLES:  Tomographic study of a low-κ 

dielectric material. 3Q 2005

The porous low-κ dielectric will pose more of 

a challenge, particularly for alignment, because 

of its random nature.  Hence, it will be studied 

second.

ACCOMPLISHMENTS 
To date, we demonstrated the ability to obtain 

three-dimensional information using a scanning 

confocal transmission electron microscope on in-

tegrated interconnect samples several micrometers 

(Frigo, Levine, and Zaluzec, 2002) as well as the 

ability to obtain three-dimensional information 

on integrated circuit interconnect samples using 

a commercial scanning transmission electron 

microscope (Levine et al., 2003).

We performed a 3-D reconstruction of a 

photonic crystal supplied by Lucent Technologies 

(see Fig. 1, pg. 152), based on data taken on our 

in-house STEM.

#

#
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We simulated the observed STEM scattering 

and energy-dispersive X-ray signal from a 3-D 

phantom containing interconnect materials over 

an angular range of 180 degrees (Fig. 2).

#

Figure 1.  Tomographic reconstruction of a photonic 
band gap sample.  An interconnecting network 
of material and void is present in the center of 
the fi gure.  The bands on the outside are from the 
platinum overlayer added to protect the sample 
during preparation by a focused ion beam.

Figure 2.  3-D Java Monte Carlo simulation of interconnect phantoms and observed X-ray emission (Cu=red 
Al=blue SiO2=green) from 0 degree to 180 degree tilt.

COLLABORATIONS 
International Sematech, Brendan Foran, preparation of low-κ 

samples, electron microscopy.

Chris Soles and Hae-Jeong Lee, NIST, MSEL,  Polymers 

Division; low-κ samples

Accurel, Inc. Preparation of focused ion beam sections from 

low-κ samples

Lucent Technologies, Shu Yang; preparation of photonic 

band gap material.
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HIGH-RESOLUTION MICROCALORIMETER X-RAY 
SPECTROMETER FOR CHEMICAL ANALYSIS
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GOALS

We will develop new generations of X-ray spec-

troscopy tools to meet the materials analysis 

needs of the semiconductor manufacturing in-

dustry. Energy-Dispersive Spectrometers (EDS) 

based on microcalorimeters have the ability to 

detect photons with high energy resolution and 

near-unity quantum effi ciency. Using these tools, 

a wide range of materials analysis problems can 

be solved. In semiconductor manufacturing, 

improved X-ray materials analysis is needed to 

identify nanoscale contaminant particles on wa-

fers and to analyze very thin layers of materials 

and minor constituents. Microcalorimeter EDS 

improves the spectral resolution by one to two 

orders of magnitude compared to the semicon-

ductor Si-EDS, the existing industry standard. 

Such improved resolution combined with energy 

dispersive operation makes possible direct spec-

tral separation of most overlapping peaks often 

encountered with Si-EDS in complex multi-el-

ement systems. The improved resolution of the 

microcalorimeter EDS also increases the peak-

to-background ratio. Peak shape and shift can be 

studied to reveal chemical state information. 

Developing arrays of X-ray microcalorimeters 

will enable the acquisition of high statistics spec-

tra in reduced time, improving the effi ciency and 

statistical quality of existing materials analysis 

applications. Further, large-format arrays (up to 

1000 pixels) will make it possible to chemically 

analyze smaller features and trace constituents, 

and to track rapidly evolving X-ray spectra for 

in-process and process-stream monitoring.

The microcalorimeter EDS detector invented at 

NIST consists of a superconducting thermom-

eter (a superconducting transition-edge sensor 

(TES)) and an X-ray absorber fabricated on a 

micromachined Si
3
N

4 
membrane, and cooled to 

cryogenic temperatures (0.1 K). When X-rays 

are absorbed in the detector, the resulting heat 

pulse in the microcalorimeter is measured by the 

TES thermometer. The change in the temperature 

of the thermometer is measured by a supercon-

ducting quantum interference device (SQUID) 

amplifi er. The temperature pulse height gives a 

measurement of the energy of the X-ray photon 

one to two orders of magnitude more sensitive 

than Si-EDS. The detector is cooled to 0.1 K by a 

compact adiabatic demagnetization refrigerator.

CUSTOMER NEEDS

Improved X-ray detector technology has been 

cited by SEMATECH’s Analytical Laboratory 

Managers Working Group (ALMWG, now  

Analytical Laboratory Managers Council 

(ALMC) as one of the most important metrol-

ogy needs for the semiconductor industry. In 

the International Technology Roadmap for 

Semiconductors, improved X-ray detector tech-

nology is listed as a key capability that addresses 

analysis requirements for small particles and 

defects. The transition-edge sensor (TES) micro-

calorimeter X-ray detector developed at NIST 

has been identifi ed as a primary means of real-

izing these detector advances, which will greatly 

improve in-line and off-line metrology tools that 

currently use semiconductor energy-dispersive 

spectrometers (EDS). At present, these metrol-

ogy tools fail to provide fast and unambiguous 

analysis for particles less than approximately 

0.1 µm to 0.3 µm in diameter. Improved EDS 

detectors such as the TES microcalorimeter are 

necessary to extend the capabilities of existing 

SEM-based instruments to meet the analytical 

requirements for future technology generations. 

With continued development, microcalorimeter 

EDS should be able to meet both the near-term 

and the longer-term requirements of the semicon-

ductor industry for improved particle analysis.

“Promising new technology such as high-energy 

resolution X-ray detectors must be rapidly com-

mercialized.  Prototype microcalorimeter energy 

dispersive spectrometers (EDS) and supercon-

ducting tunnel junction techniques have X-ray 

energy resolution capable of separating overlap-

ping peaks and providing chemical information.  

These advances over traditional EDS and some 

wavelength dispersive spectrometers can enable 

particle and defect analysis on SEMS located in 

the clean room.” 2003 International Technology 

Roadmap for Semiconductors

TECHNICAL STRATEGY

1. The usefulness of single-pixel X-ray micro-

calorimeter EDS in materials analysis has now 

been well established in a variety of demonstra-

tions. Arrays of X-ray microcalorimeters are be-

ing tested, and the development of technologies 

for large-format arrays is in process. To meet the 

needs of the semiconductor industry, it is nec-



154 National Institute of Standards and Technology 
 

essary to make both single-pixel and array mi-

crocalorimeter systems more widely available. 

In addition to microcalorimeters, the system 

requires novel superconducting electronics to 

instrument the detectors, compact adiabatic de-

magnetization refrigerators to simplify cooling to 

milliKelvin operating temperatures, and custom 

room-temperature electronics and software to 

process the output signals. Our goal is to develop 

new generations of detector systems, to transfer 

them to the Chemical Science and Technology 

Laboratory (CSTL) in NIST Gaithersburg for 

collaborative use in studying problems of in-

terest to the industry (Fig. 1), and to work with 

other partners in disseminating the technology. 

Figure 1. Single-pixel NIST X-ray microcalorimeter 
system on a scanning-electron microscope. The 
system was developed in the Electronics and 
Electrical Engineering Laboratory (EEEL) at NIST, 
Boulder, and transferred to the Chemical Science and 
Technology Laboratory (CSTL) at NIST Gaithersburg 
to be used to study problems of interest to the 
semiconductor industry.

DELIVERABLES: Provide continued support and 

upgrades for the single-pixel microcalorimeter system 

transferred to CSTL. Prepare for the eventual transfer 

of an array microcalorimeter system. Collaborate with 

CSTL on using the microcalorimeter to study problems 

of interest to the semiconductor industry. 

2. Continued improvements in microcalorim-

eter energy resolution are desirable for the rapid 

analysis of chemical shifts.  However, for many 

semiconductor materials analysis problems, fur-

ther improvements in energy resolution (beyond 

that already demonstrated with these detectors) 

are not as important as an increase in the maxi-

mum count rate and collection area. Both the 

collection area and count rate can be improved 

by the implementation of multipixel arrays of 

detectors. Arrays of X-ray microcalorimeters 

are now being fabricated and tested. The perfor-

mance of these arrays should be similar to that of 

earlier, successful single pixels. 

DELIVERABLES: Achieve high-resolution operation 

of a close-packed X-ray microcalorimeter array to 

demonstrate the increase in collection area and count 

rate achievable with arrays. 

3. One of the barriers to widespread dissemi-

nation of X-ray microcalorimeter instruments is 

the complexity and cost of the adiabatic demag-

netization refrigerator used to cool to 100 mK. 

The development of an on-chip solid-state mi-

crorefrigerator based on superconducting tunnel 

junctions to cool from 300 mK to 100 mK would 

greatly simplify the cryogenic system needed 

for microcalorimeter EDS. Adiabatic demagne-

tization refrigerators could be replaced by small, 

simple, and inexpensive 3He systems, which 

cool to 300 mK, coupled to the solid-state tun-

nel-junction refrigerator cooling to 100 mK. 

DELIVERABLES: Demonstrate the cooling of an 

electrically-separate piece of thin-fi lm electronics using 

a tunnel-junction refrigerator that could be coupled to a 

simple 3He refrigerator. 

4. The operation of microcalorimeter arrays 

requires multiplexed SQUID readout.  A time-

domain SQUID multiplexer has previously been 

demonstrated.  The integration of this multiplex-

er with X-ray microcalorimeters is a crucial step 

towards the deployment of large sensor arrays.  

The operation of such an integrated system un-

der X-ray illumination will allow its capabilities 

to be measured and routes to improvement to be 

determined.

DELIVERABLES: Demonstrate multiplexed operation 

of microcalorimeters under X-ray illumination.  Charac-

terize multiplexer performance and design next-gen-

eration system. 

ACCOMPLISHMENTS

We fabricated and tested a new generation 

of microcalorimeters that incorporate additional 

normal metal regions to suppress internal noise.  

In addition to being more stable and easier to bias, 

the energy resolution of these microcalorimeters 

is signifi cantly improved.  We demonstrated a 

world record energy resolution of 2.4 eV  FWHM 

at 5.9 keV (see Fig. 2). 

#
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Figure 2.  X-ray spectrum from improved NIST 
microcalorimeter.  The FWHM resolution was 2.4 eV 
for 5.9 keV X-rays.  

We continue to support the microcalorimeter 

system installed on a CSTL scanning electron mi-

croscope in Gaithersburg, Maryland. We recently 

upgraded the infrared blocking fi lters, the mag-

netic shielding, the pulse acquisition hardware, the 

detector bias hardware, and the microcalorimeter 

itself.  The new detector is more stable, easier to 

bias, and has better spectral resolution than the 

previous unit.  We are collaborating with CSTL 

researchers on further improvements to the stabil-

ity and ease-of-use of the system. 

We recently demonstrated the ability to read 

out eight TES microcalorimeters in a single mul-

tiplexed amplifi er channel with 3.8 eV FWHM 

energy resolution (Fig. 3).  The detectors were 

fast, having a signal decay-time constant of about 

150 microseconds. Combining this result with 

closed-form calculations and a new Monte-Carle 

software package that performs a detailed simula-

tion of our SQUID multiplexer, we can reliability 

predict the future performance of the multiplexer 

system.  In particular, with only evolutionary 

improvements to the basic architecture, our time-

division SQUID multiplexer will be able to 

readout 32 detectors per channel with 4 eV reso-

lution or better.  Planned improvements include 

increased open-loop system bandwidth, well-

matched pulse rise and fall times, lower SQUID 

noise, and optimization of the coupling between 

microcalorimeters and SQUIDs.  We are now pre-

paring to demonstrate multiplexed operation of a 

3x32 high-resolution microcalorimeter array.

#

#

We have continued work on an on-chip solid-

state refrigerator to cool X-ray microcalorimeters 

from 300 mK to 100 mK.  If successful, this refrig-

erator could greatly simplify the cryogenic system 

needed for microcalorimeter EDS. Adiabatic 

demagnetization refrigerators could be replaced 

by small and inexpensive 3He systems coupled 

to the solid-state refrigerator. The device is a 

superconducting analog of a Peltier cooler. Cool-

ing is produced in the devices by the tunneling of 

electrons through normal-insulator-superconduc-

tor junctions.  We have previously demonstrated 

refrigerators able to cool themselves from 260 mK 

to 130 mK with cooling powers well matched 

to microcalorimeter X-ray sensors. Recently, 

we demonstrated refrigerators able to cool bulk 

material as well as electrically separate pieces of 

thin-fi lm electronics, such as a X-ray microcalo-

rimeter (Fig. 4).  The solid-state refrigerator is 

#

Figure 3.  Photograph of an 8x8 array of 
microcalorimeters. Each microcalorimeter has a 
1.5-µm-thick Bi absorber. The middle chip is a fi lter 
chip. The chip on the right is a SQUID multiplexer.

Figure 4.  Colorized micrograph of solid-state 
refrigerator. A cube of germanium (yellow) located 
on a suspended, micromachined membrane is cooled 
by four pairs of normal-insulator-superconductor 
tunnel junctions.  The ratio of the volumes of the 
germanium and the junctions is the same as the 
ratio of the volumes of the Statue of Liberty and an 
ordinary person (about 11,000).  Macroscopic wires 
(at upper left) contact the germanium to measure its 
resistance; these are cooled as well.
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fabricated on a silicon wafer using conventional 

thin-fi lm and photolithographic techniques, has 

no moving parts, and operates continuously. We 

recently cooled a thin-fi lm payload from 320 mK 

to 225 mK.  This work has been featured twice 

on the cover of Applied Physics Letters and once 

on the cover of Physics Today.

The NIST microcalorimeter EDS holds the 

world record for energy resolution for an EDS 

X-ray detector of 2.0 eV at 1500 eV, which is 

over 30 times better than the best high resolution 

semiconductor-based detectors currently available 

(Fig. 5). This energy resolution was measured us-

ing a glass prepared by Dale Newbury of NIST to 

use as a test standard for EDS.

#

Figure 5.  The Al-Kα region of a microcalorimeter 
EDS spectrum of the multielement NIST K3670 
glass. The acquired spectrum is shown as well as a 
weighted least-squares fi t of the Al Kα and satellite 
lines convolved with a Gaussian instrument response, 
yielding an energy resolution of 2.0 eV ± 0.1 eV 
FWHM.

We created a chemical shift map showing the 

chemical bonding state of Al in a sample contain-

ing both Al and Al
2
O

3
 (see Fig. 6). An aluminum 

fi lm was deposited on part of a sapphire substrate. 

A microcalorimeter EDS was used to measure the 

X-ray spectrum as the electron beam was rastered 

to form the SEM image. The Al X-ray line position 

was shifted by a small amount (about 0.2 eV) in 

the regions containing Al
2
O

3 
as compared to the 

regions containing elemental Al. The high energy 

resolution of the microcalorimeter allowed the 

shift to be measured, resulting in the false-color 

image below. The map clearly demonstrates that 

microcalorimeter EDS can be used to discriminate 

the chemical bonding state using shifts in the po-

sitions of X-ray lines. The result also highlights 

the need for large-format arrays to increase the 

#

data-collection rate. The image shown here was 

acquired over several hours. Images such as this 

could be acquired much more quickly and with 

much sharper position resolution using an array 

microcalorimeter.

Figure 6.  SEM photo (top) of an aluminum fi lm 
partially covering a sapphire substrate and a 
false-color map (bottom) of the shift in the mean 
X-ray energy of the Al Kα peak taken using a 
microcalorimeter EDS system. The shift in energy is 
due to the chemical bonding of the aluminum with the 
oxygen. The average energy shift is ~0.2 eV.
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